Neuromuscular blocking drugs have been used increasingly in anaesthesia since Griffith and J ohnson administered curare for an appendicectomy in Montreal in 1942.1 Increased mortality associated with these drugs was reported by Beecher and Todd,2 although subsequently this was thought to be due to a technique used by some anaesthesiologists in North America. They elected to 'assist' respiration rather than 'control' it, relying on the 'diaphragm-sparing' properties of the drugs to provide most of the respiratory work.
Postoperative respiratory failure from inadequate antagonism of residual block continues to be an important cause of anaesthetic mortality. A retrospective survey by Harrison reported this as the second commonest cause of death, after hypovolaemia. 3 Anaesthesia mortality committee reports from several countries have published similar findings. 4 -6 Hypoxia and hypercarbia may occur postoperatively due to inadequate respiration from partial paralysis of respiratory muscles or from upper airways obstruction due to weakness of the muscles of the pharynx or larynx. Although morbidity is suspected to occur for similar reasons, no quantitative estimate has been published. It is assumed that the reader is familiar with the basic pharmacology of neuromuscular blocking drugs, and with the theory of nerve stimulation. Monitoring of neuromuscular function has previously been extensively reviewed. 7 -9 
Clinical effects of neuromuscular blocking drugs
Muscle groups vary in their sensitivity to nondepolarising blocking drugs lO because of different margins of safety of neuromuscular transmission;II,12 fast muscles are more sensitive, 13 The extra-ocular muscles and those of the upper airway are the most susceptible. The small muscles of the hand, and those of the abdominal wall are Anaesthesia and Inlensi,'e Care. Vol. 16. No. I. February. 1988 less susceptible l4 and the diaphragm is relatively resistant, needing about twice the dose of pancuronium as the adductor pollicis muscle for an equal intensity of block ls (Figure I) .
For tracheal intubation, paralysis to a level of 95% depression of the adductor pollicis muscle is necessary. 16 Surgically adequate relaxation during nitrous oxide anaesthesia is correlated with a 90% block of this muscle, when only one response is seen with 'train-of-four' nerve stimulation (TOF). When anaesthesia is deepened by supplementation with volatile agents less profound paralysis is adequate. 9 For diaphragmatic paralysis deeper levels of block are necessary, and the 'post-tetanic count' may be useful to monitor these levels. 17 For this a tetanic stimulus is applied to the motor nerve for five seconds at 50 Hz, and after a three-second pause single stimuli are then applied at one-second intervals. The responses to the single stimuli are augmented by 'post-tetanic facilitation', and the number of responses is the 'post-tetanic count'.
Reversal of block
With over 90% depression of the adductor pollicis, antagonism by an anticholinesterase may take 30 minutes or more. 16 This delay is shorter with the intermediate duration agents vecuronium and atracurium. 18 Predictable and rapid reversal occurs only at lighter levels of paralysis. A number of reports have attempted to define when reversal is adequate. Ali related good clinical recovery with a TOF ratio 0[74%, at which level the eyes were widely open, the tongue could be protruded and the head raised for five seconds. 19 Coughing was vigorous, and the vital capacity exceeded 15 mllkg. Ali further reported negligible subjective and objective changes with a TOF ratio of 60%: there was diplopia and moderate facial weakness but no dyspnoea, and vital capacity was 91 %, inspiratory force 70% and peak expiratory flow-rate 95% of control values. 2o Brand found that at a TOF ratio of 70%, all patients could open their eyes, protrude their tongues and had firm hand grasps, and 9 out of 10 had a sustained head-lift. 21 Vital capacity averaged 17 ml/kg.
Pavlin et al gave neuromuscular blocking drugs to conscious sUbjects. 22 When the maximum inspiratory pressure was 20 cm water (control value 90 cm water), vital capacity was 35% (2.0 litres) and hand grip was 2% of control values. They found that in every subject who could maintain a head lift for five seconds all functions of vocal cord closure, swallowing and airways maintenance were normal. Tomhn reported that laryngeal incompetence is an important factor in the aetiology of postoperative pulmonary complications. 23 Ham recorded an adequate volume of respiration when the single twitch response of the thumb had recovered to 20% of control, the TOF ratio being variable. 24 Despite these studies there is a lack of firm data correlating the recovery of a safe level of respiratory function with adductor pollicis recovery, especially when additional stresses such as major surgery and partial airway obstruction are added. Current clinical methods of administering non-depolarising blockers and their antagonists without monitoring aids have been shown to result in up to 42% of patients having a TOF ratio of less than 70% on arrival in the recovery room. 2S . 26 
Monitoring neuromuscular block
The aim of monitoring neuromuscular blockade is to provide optimal paralysis during surgery and optimal recovery from paralysis after anaesthesia. The clinical usefulness of three neuromuscular monitoring techniques is summarised in Table 1 . With 'good' monitoring, morbidity or mortality from respiratory inadequacy should be avoided or minimised.
Clinical assessment
Intra-operative clinical criteria include the feel of the rebreathing bag, spontaneous movement and Postoperative clinical criteria. Conventionally, it has been accepted that recovery from block has occurred when adequate respiratory exchange with a normal tidal volume is observed. However, the reliability of this observation is questioned by Astley, who reported that respiratory exchange in fit patients with endotracheal tubes in situ to maintain the airway was adequate when peripheral neuromuscular function was still markedly depressed. 28 Simple tests of adequate recovery following neostigmine reversal include the ability to open the eyes, cough vigorously, protrude the tongue, and to sustain the head raised for five seconds. Vital capacity should be 15-20 mllkg. All these tests require the patient to be awake and co-operative.
Peripheral nerve stimulation with clinical assessment of evoked response
Viby-Mogensen 7 ,8 has reviewed the theory and application of peripheral nerve stimulators. Peripheral motor nerves may be stimulated via small conductive pads or subcutaneous needles, the former being preferred. The stimulator should be either a constant current generator or a constant voltage generator with a digital ammeter and deliver a monophasic rectangular pulse lasting 0.1-0.2 milliseconds. The maximum output of the stimulator should be no less than 60 mA to ensure supramaximal stimulation when surface electrodes are used. 29 A digital ammeter is in itself a useful instrument as it can be used to determine the current which evokes the first detectible twitch (initial threshold for stimulation, ITS). Provided that a minimum of 20 mA is delivered, supramaximal stimulation of the ulnar nerve at the wrist via surface electrodes can be assured if 2.75 times that necessary for the ITS is delivered. 29 The ITS can be measured before the patient is anaesthetised.
Fair Good Good
Fair Poor/Fair Good Intra-operatively the TOF count and the posttetanic count may be used to accurately monitor the depth of the neuromuscular blockade. Reversal with an anticholinesterase will be prompt and complete when the TOF count is four. When it is one, reversal may be incomplete for some time after neostigmine is given and when there is no response to TOF stimulation, the block should not be considered pharmacologically reversible. Residual paralysis cannot be reliably detected by manual and visual assessment of the response to TOF or tetanic stimulation and recording equipment is necessary.30 A new stimulation pattern, double burst stimulation, promises to overcome this problem.
Peripheral nerve stimulation with measurement of the evoked response
Mechanical systems for measuring the force or displacement of the thumb have evolved from a simple method such as a syringe taped to the palm with the adducting thumb displacing the plunger, to more complex measurements such as the measurement of the isometric contraction of the adductor pollicis muscle against a load of 200 grams. 31, 32 It is necessary to establish a baseline value before the blocking drug is given, and fixation of the hand and application of the resting tension is difficult unless the patient is supine and the hand reasonably accessible.
Electromyographic measurement of muscle contraction has been described by Lam 33 and Viby-Mogensen. 7 Again, it is necessary to establish a baseline value before inducing block, and a major problem has been an unexplained failure in some patients of the signal to recover to within 10% of the baseline when the block has been reversed. The technique has nevertheless been sufficiently reliable for the signal to be used to provide feedback in a control loop, with a computer administering doses of the blocking drug by a syringe drive. 34 Accelerometry has recently emerged as an accurate and reproducible means of measuring the evoked response, and it is likely that it will replace the electromyographic measurement, as recovery to the baseline is reliable. Both electromyography and accelerometry provide a Anaesthesia and Intensive Care, Vol. 16, No. I, FebruarJ', 1988 small electrical signal, and suppression of electrical interference can be difficult.
Conclusions and recommendations
The basis of the safe use of neuromuscular blocking agents is a detailed knowledge of the pharmacology of these agents and their antagonists. Individuals show a large variation in the response to non-depolarising blockers and a marked variation in the sensitivity of different muscle groups. Monitoring of neuromuscular block gives the anaesthetist better control of dosage, but there is no monitoring system which is suitable for use under all circumstances.
If there is residual neuromuscular blockade on completion of surgery, it should always be reversed by the administration of an anticholinesterase, unless there are specific indications for the patient to remain paralysed for postoperative ventilation. It is recommended that the reversibility of residual block be assessed by some means before the administration of the anticholinesterase, to avoid the hazard of slow or inadequate reversal. It has been conventional to determine this by observation of the return of diaphragmatic or other muscle activity.
All patients who have been given neuromuscular blocking agents must be closely observed by trained personnel until they are conscious and have demonstrated adequate recovery from paralysis. This should be ascertained by bedside tests such as the ability to sustain a five-second headlift. In patients susceptible to non-depolarising blockers and in those in whom inadequate reversal is particularly hazardous, adequate recovery should be confirmed as soon as the patients awaken.
A peripheral nerve stimulator having appropriate specifications for clinical use should be available, especially for: The electrocardiogram (ECG) represents the difference in electrical potential between a point on the body surface and an indifferent electrode, or between pairs of points; it provides a recording of the electrical activity of the heart in the vector of the lead chosen. It is assumed that the reader is familiar with the usual nomenclature and range of lead configurations. The ECG in recording the mass electrical potential of the heart may be used as a rate meter, to detect dysrhythmias, to detect myocardial ischaemia or injury, and as an additional monitor to have in place if problems are anticipated.
Heart rate meter
The ECG may be used as a heart rate meter in healthy patients in whom no problems are anticipated. However, the ECG gives no indication of the adequacy of the circulation, and does not, on its own, constitute an adequate continuous monitor of the circulation. Baroreceptor and chemoreceptor function may both be severely impaired under anaesthesia, and a regular, unchanged trace is no guarantee that the patient is not profoundly hypoxic, hypotensive, or hypercarbic. I ,2 Betablockade diminishes the rate changes with these stresses and further limits the value of the ECG as a non-specific warning device.
As a simple monitoring device the tissue plethysmograph (pulse meter) gives better and more relevant information; better because the signal is impervious to diathermy, and more relevant, as a pulse guarantees some circulation. A pulse meter also does not degrade the natural skin resistance, does not require disposable electrodes, and does not require a high degree of electrical isolation.
Dysrhythmias
The ECG may be used to detect and characterise disturbances of cardiac rhythm and conduction. Standard Lead II is usually the best lead, as its
